Regarding sodium pool burning, ignition delay and ignitability are examined in order to obtain appropriate, comprehensive parameters that can correlate dominant system parameters influencing ignition. To this aim, theoretical work is first conducted, considering that the surface reaction exerts the main influence. It is found that both the ignition delay time and the limit of ignitability are closely related to the pool size and oxygen concentration, as well as the initial sodium temperature. Specifically, for ignition delay, a comprehensive parameter, defined as the ignition delay time multiplied by oxygen concentration and divided by pool depth, is identified. For the limit of ignitability, another comprehensive parameter, defined as the product of oxygen concentration and representative length for the heat transfer, is derived. In order to evaluate the appropriateness of the theory, experimental comparisons are conduced, using experimental data in the literature. It is demonstrated that there exists a fair degree of agreement between the experimental and analytical results, as far as the trend and approximate magnitude are concerned, in spite of differences in experimental conditions and several assumptions made in the present analysis. Because of the simple forms of the comprehensive parameters, they are expected to be useful in evaluating the ignitability of sodium prior to pool burning in an oxidizing atmosphere. Furthermore, it is found that an increase in the volume-to-surface-area ratio of the sodium pool prolongs ignition delay, and that a decrease in pool diameter suppresses ignition, both of which can be attributed to the reduced contribution of the surface reaction that supplies heat during the induction period.
Introduction
Because of its high thermal conductivity, sodium has been widely used in nuclear facilities, particularly as the working fluid in fast breeder reactors. However, because the technique of utilizing sodium is immature, accidents have occurred all over the world, making the reexamination of the development and/or construction of fast breeder reactors necessary. A fast breeder reactor in Japan, named "Monju", has been shut down since a sodium fire in 1995.
Since the danger of fire has been well recognized, extensive research on sodium fire and/or combustion has been conducted since the 1960s, aiming at its practical use in nuclear facilities. The various accomplishments reported have been summarized in several good reviews (1) - (3) . Not only fundamental studies, such as those on droplet combustion (4) , (5) and pool burning (6) , but also large-scale fire experiments have been conducted, even in Japan (7) . However, as far as basic understanding of the combustion behavior and/or elucidation of combustion mechanisms are concerned, we cannot but say that little progress has been made, because of the complexities involved. Even for the initial stage of pool burning, such microscopically complicated features (1) as protrusion of flakes or beads of oxides above the pool surface, followed by an appearance of incandescent, pinhead-sized regions during pillar-like growth, which form nodules, via agglomeration, that emit orange-yellow luminescence with copious evolution of white smoke, have been observed.
On the contrary, as has been pointed out that from a macroscopic point of view, if we place priority on control-ling and/or suppressing the ignition that can lead to disasters when leakage occurs, the most important point is to identify the dominant parameters that influence the ignition and/or combustion, without probing into the specific details of the physical processes. This need has become urgent since the accident of a sodium fire caused by smallscale leakage in the fast breeder reactor "Monju" in 1995. Therefore, after the accident, experiments on extinguishing fires and/or establishing computer codes for analyzing combustion phenomena have also been conducted (8) , (9) , from the viewpoint of fire safety. Through those studies, however, it has been confirmed that the accomplishments (1) - (3) hitherto obtained are insufficient to gain a firm understanding of sodium fire and/or combustion, much less the establishment of clear safety measures. For example, the ignition temperature of a sodium pool ranges from 394 K (10) to as high as 700 K (1) in the literature. As is well known, the ignition phenomenon is closely related to the thermal balance between heat release and loss. In addition, in order to accurately evaluate heat loss, it is necessary to know the flow configuration in which heat is transferred. Unfortunately, however, reports of precise conditions in experiments are rare in the literature, so re-examinations of conditions from the viewpoint of heat transfer have been impossible, in most cases. If the heat loss rate could be evaluated from experimental conditions, quantitative comparisons between experimental and analytical results could be made, and comprehensive understanding of sodium combustion would be accelerated.
As far as the ignition of a single sodium droplet is concerned, an attempt has been made to evaluate the ignition delay time and/or the limit of ignitability, and it has successfully resulted in a new ignition theory (11) based on combustion engineering. This ignition theory has successfully identified the dependence of ignition delay and/or ignitability on several dominant parameters, such as initial droplet temperature, droplet diameter, oxygen concentration, and relative droplet speed. Through quantitative comparisons (12) of analytical and experimental results, it has been found that both ignition delay and ignitability strongly depend on heat loss. Furthermore, two kinds of comprehensive parameters for ignition delay and ignitability have been presented, which are useful in correlating several dominant parameters with the droplet initial temperature.
Since this ignition theory (11) has been constructed in a general way, its application to the ignition of a sodium pool can be anticipated. In the present study, ignition analysis of the sodium pool has been conducted in order to elucidate the dominant parameters that influence ignition. Analytical results are compared with several sets of experimental data found in the literature, in which details of flow configurations in experiments are described. The viability of the theory has been examined through extensive comparisons concerning the ignition delay and/or the ignitability. 
Nomenclature

Ignition Analysis
The problem of interest, as shown in Fig. 1 , is the ignition of a sodium pool with volume V, surface area S , and initial temperature T 0 , set in an oxidizing atmosphere with ambient temperature T ∞ and oxygen mass fraction Y O∞ . Not only the surface reaction but also the heat loss is taken into account in the present analysis. It is assumed that the pool temperature is spatially uniform but temporally varying, because of the high thermal conductivity of sodium. In addition, because of low vapor pressures of sodium, for example, about 1 kPa even at 800 K, the reaction considered here is the surface reaction only, which proceeds between fuel Na (subscript F) and oxidizer O 2 (O), producing the product Na 2 O (P), according to 4Na+O 2 
, where ν i is the stoichiometric coefficient, with the release of heat of combustion q o per unit mass of sodium. Furthermore, radiative heat loss is ignored because the temperature of the sodium pool seldom reaches 800 K in the induction period.
The energy balance is expressed as
where V is the pool volume, S the surface area, and S HL the surface area for heat transfer relevant to heat loss. The left hand side in Eq. (1) represents the temporal variation of the pool temperature, which is determined by the heat release rate due to the surface reaction (the first term of the RHS) and the heat loss rate (the second term). In the above equation, ρ is the density, c F the specific heat of sodium, T the temperature, t the time, W the molecular weight, n the reaction order of the surface reaction, B s the frequency factor, E the activation energy, R the universal Fig. 1 Schematic drawing of sodium pool that undergoes ignition gas constant, and the subscripts F, O, and g designate, respectively, sodium, oxygen, and gas. The subscripts "0" and "∞" designate the initial and ambient conditions, respectively. Furthermore, h is the heat transfer coefficient. Note here that the surface heat-transferred does not necessarily coincide with the sodium pool surface, and that it can be a side wall of the container.
As is the case of usual ignition, it is considered that the temperature rise in the induction period is small, compared with the initial temperature, and that the consumption of oxidizer is negligible. Therefore, by conducting asymptotics with
which is exactly the same as that used in examining the ignition of a single sodium droplet (11) . Here, θ is the nondimensional temperature, τ the nondimensional time (τ ≡ t∆), and
In these equations, 1/∆ is the characteristic time of heat release, γ the heat loss parameter for the non-isothermal condition, α that for the isothermal condition,W the average molecular weight of the oxidizer, ε the small quantity determined as RT 0 /E, Nu the Nusselt number defined as h /λ g , and the representative length for the heat transfer. Although Eq. (2) without γ has been used in examining the nonsteady, nonadiabatic "thermal explosion" (13) - (15) , we now ignore the third term with α in Eq. (2) in the following, because the main concern here is the ignition of the sodium pool after leakage, in which the ambient is considered to be at room temperature. By solving Eq. (2) under the initial conditions θ τ=0 = 0 and judging ignition as θ τ=τ ig → ∞, the ignition delay time is obtained analytically as
which is exactly the same as that for sodium droplet ignition (11) .
In addition, if we rearrange Eq. (3) as
we can obtain important information that the dominant parameters of ignition delay can be correlated with the initial temperature T 0 , by using the comprehensive parameter t ig (Y O∞ ) n /(V/S ). For the limit of ignitability at γ = 1, at which τ ig → ∞, we have, from Eqs. (3) and (4), another relation,
which indicates that the dominant parameters influencing the limit of ignitability can be correlated by using another comprehensive parameter ( S /S HL )(Y O∞ ) n .
Results and Experimental Comparisons
Kinetic parameters for the "global" surface reaction in a "dry" oxidizer environment have already been reported (11) as the activation temperature T a = E/R = 6 350 K, the frequency factor B s = 320 m/s, and the reaction order n = 1. These values have been obtained from the Arrhenius plot of the comprehensive parameter (t ig Y O∞ )/2r s (m/s) −1 of experimental results in the literature (4) , (5), (16) - (19) , with the representative length taken as the diameter 2r s of a droplet. In addition, it has been confirmed through experimental comparisons (12) that these kinetic parameters are appropriate. In the present study, it is intended to compare analytical results with the experimental data relevant to the ignition of a sodium pool, using these kinetic parameters.
Judging from the description of oxidizer flow configurations in the literature, there exist several experimental results that can be used for comparisons. Since ignition phenomena are strongly influenced by flow configurations, as well as the sodium temperature and/or the oxidizer concentration, it is strongly required to evaluate heat transfer coefficients in terms of the Nusselt number Nu corresponding to the individual flow configurations. Fortunately, once we identify whether heat transfer is by forced or natural convection, by utilizing accomplishments in the field of heat transfer, the heat transfer coefficients can be accurately evaluated, because temperature rise and/or oxidizer consumption is not so serious in the induction period. The flow configurations that will be examined here are fundamental ones: stagnation flow, impinging jet flow, and flow in natural convection.
1 Ignition in stagnation flow
First of all, let us examine the ignition of a sodium pool in a stagnation flow field, as shown in the inset of Fig. 3 . As is well known, the flow field in the forward stagnation region can be defined uniquely in terms of the stagnation velocity gradient (or the stretch rate) a. In this flow field, the surface area S HL of heat transfer coincides with the surface area S of the pool.
For axisymmetric stagnation flow, we can use the relation in the literature (20) for heat transfer:
where the Nusselt number Nu x ≡ h x x/λ g , the Reynolds
number Re x ≡ ρ ∞ U ∞ x/µ ∞ , and Pr is the Prandtl number. In Eq. (9), x is the distance from the stagnation point along the surface. Note here that U ∞ is the velocity at the edge of the boundary layer, so that it can be expressed as U ∞ = ax. Then, the heat transfer coefficient h x at a certain x can be expressed as
which is independent of the location x. For the thermophysical properties used to evaluate Re and Pr, we can employ those at the representative temperature determined from Sparrow's 1/3 rule (21) . Once the Nusselt number Nu x or the heat transfer coefficient h x is determined, the heat loss parameter γ, indispensable in determining ignition delay time τ ig (nondimensional), can be obtained as
For the limit of ignitability, we have
It is informative to note here that there is a new representative length [(µ/ρ) ∞ /a] 1/2 , which is a measure of the boundary layer thickness in the stagnation flow field (22) . Figure 2 shows the ignition delay time t ig as a function of the initial surface temperature T 0 of the sodium pool, with the velocity gradient a taken as a parameter. With decreasing T 0 , due to the suppressed surface reaction, t ig increases first gradually, then rapidly, and reaches the limit of ignitability. It is also seen that as the velocity gradient a is reduced, the ignition becomes easier, because of the suppressed heat loss. Although Gracie and Droher (1) reported that the ignition of the sodium pool did not occur at 476 K, it is shown in Fig. 2 that ignition can occur even at this temperature when a = 10 s −1 , suggesting the importance of identifying the flow configuration of the oxidizer. Data points in Fig. 2 are experimental ones, obtained by Yuasa (6) , (23) with a sodium pool (2r s = 20 mm in diameter and V/S = 2.8 mm in depth) in axisymmetric stagnation airflow at room temperature. Although it is reported that the flow velocity w D is 5 m/s at the nozzle exit, the velocity gradient is not reported in the literature. However, following Martin (24) , we find the relation
among the velocity gradient a, the flow velocity w D , the nozzle diameter D N , and the distance H between the nozzle exit and surface. If the experimental conditions adopted by Yuasa, w D = 5 m/s, D N = 70 mm, and H = 110 mm, are substituted into Eq. (13), the velocity gradient Fig. 2 Ignition delay time t ig of sodium pool in stagnation airflow at room temperature, as a function of initial surface temperature T 0 , with velocity gradient a taken as a parameter. Solid curves are analytical and data points are experimental ones from Yuasa (6) , (23) is found to be 70 s −1 . It is seen that a fair degree of agreement is obtained between experimental and analytical results, as far as the trend and approximate magnitude are concerned, suggesting that the present analysis has captured the essential features of sodium pool ignition. Figure 3 shows the Arrhenius plot of the comprehensive parameter (t ig Y O∞ )/(V/S ) for ignition delay. It is seen that this comprehensive parameter increases first gradually and then rapidly with decreasing T 0 , until it reaches the limit of ignitability, which depends on the velocity gradient. Data points are the same as those (6) , (23) shown in Fig. 2 . Again, there is fair agreement, suggesting that the parameter (t ig Y O∞ )/(V/S ) can be useful in correlating the dominant parameters that influence ignition delay. Figure 4 shows the Arrhenius plot of the comprehensive parameter Y O∞ [(µ/ρ) ∞ /a] 1/2 for the limit of ignitability. Ignition can occur in the upper region above the curve. By virtue of this comprehensive parameter, as shown in Eq. (12), the limit of ignitability can be represented by a single curve, regardless of the velocity gradient. Data points are those (6) , (23) shown previously, indicating that ignition is observed at the condition marked by , while it is not observed at the condition marked by ×. Although experimental results are only those for a single velocity gradient a = 70 s −1 of airflow, fair agreement is demonstrated between the analytical and experimental results as far as the limit of ignitability is concerned, suggesting that [(µ/ρ) ∞ /a] 1/2 for the limit of ignitability of the sodium pool in stagnation flow field. Solid curve is analytical and data points are experimental (6) , (23) . The symbol ( ) shows that ignition was observed, while (×) shows that ignition did not occur the parameter Y O∞ [(µ/ρ) ∞ /a] 1/2 can be useful in correlating the dominant parameters that influence the limit of ignitability.
2 Ignition in impinging jet flow
As another flow configuration, let us consider the case in which a sodium pool at the bottom of a container is being blown by airflow. In this case, heat is transferred in the impinging jet, as shown in the inset of Fig. 5 . If we regard this flow configuration as that from one nozzle in nozzle arrays, the Nusselt number presented by Krötzsch (25) is expressed as
Nu Pr
where the array correction function
the nozzle-to-surface-area ratio for one nozzle (V/S ) for ignition delay of sodium pool in impinging flow. Solid curve is analytical and data points are experimental ones from Kitagawa and Ogiso (26) S HL of heat transfer, we can express the heat loss parameter γ as
For the relation relevant to the limit of ignitability, we have Figure 5 shows the Arrhenius plot of the comprehensive parameter (t ig Y O∞ )/(V/S ) for ignition delay. The same trend as that in Fig. 3 is observed. Data points in Fig. 5 are experimental ones, obtained by Kitagawa and Ogiso (26) with a sodium pool (2r s = 29 mm in diameter and V/S = 5 mm in depth) and an impinging jet of dry air (w D = 1.3 m/s). The airflow is issued from a round nozzle (D N ≈ 6 mm in diameter) located at the container port (H = 25 mm above the pool surface). A fair degree of agreement is again obtained between experimental and analytical results as far as the trend and approximate magnitude are concerned, indicating the usefulness of the parameter (t ig Y O∞ )/(V/S ) in correlating the dominant parameters that influence ignition delay. Figure 6 shows the Arrhenius plot of the comprehensive parameter (Y O∞ )(2r s ) for the limit of ignitability. The same trend as that in Fig. 4 is observed. Data points are those (26) shown in Fig. 5 and the notation is the same as Fig. 6 Arrhenius plot of comprehensive parameter Y O∞ (2r s ) for the limit of ignitability of the sodium pool in impinging flow. Solid curve is analytical and data points are experimental (26) . Notation is the same as that in Fig. 4 that in Fig. 4 . Although data points are few, fair agreement is demonstrated, as far as the limit of ignitability is concerned, indicating the usefulness of the parameter (Y O∞ )(2r s ).
3 Ignition under natural convection with heat
transfer at pool surface Instead of using forced airflow, ignition of the sodium pool has been examined under natural convection. In evaluating the effects of natural convection on ignition, attention should be paid to the location at which heat is transferred.
First, let us examine the case that the surface of heat transfer coincides with the pool surface, as shown in the inset of Fig. 7 . In this situation, as presented by Fishenden and Saunders (27) , the Nusselt number is expressed as
Nu=0.14(GrPr)
where Gr is the Grashof number defined as
Here, g is the gravitational acceleration and β the coefficient of thermal expansion. If we use the pool diameter 2r s as the representative length for heat transfer, the heat loss parameter γ can be for the limit of ignitability of the sodium pool with natural convection over the pool surface. Solid curve is analytical and data points are experimental ones from Gracie and Droher (1) . Notation is the same as that in Fig. 4 expressed as
and the relation for the limit of ignitability is
It should be noted that in experiments with natural convection, the focus is on ignitability, not ignition delay, so that the experimental comparison is confined to the limit of ignitability. Figure 7 shows the Arrhenius plot of the comprehensive parameter (Y O∞ )(2r s ) for the limit of ignitability. The same trend as observed in Figs. 4 and 6 is seen. Data points in Fig. 7 are experimental ones, obtained by Gracie and Droher (1) with a sodium pool of diameter 2r s = 229 mm and depth of V/S = 76 mm. As far as the trend and approximate magnitude are concerned, a fair degree of agreement can be obtained between experimental and analytical results, and again, the usefulness of the parameter (Y O∞ )(2r s ) is demonstrated.
4 Ignition in natural convection with heat transfer at container wall
When there exists a sodium pool at the bottom of a container, even in the case of natural convection, the pool surface cannot be regarded as the location of heat transfer. The inset of Fig. 8 shows this situation, under which an appropriate evaluation of the surface area of heat transfer can only give us a reasonable limit of ignitability. For this natural convection, after the establishment of a boundary layer over a vertical cylinder (height L and diameter 2r s ), the Nusselt number presented by Minkowycz and Sparrow (28) is
where 
where the Grashof number is
Noting that the representative length for heat transfer is now the height L of the vertical cylindrical container, and that S HL = 2πr s L, we have the following heat loss parameter γ: for the limit of ignitability of the sodium pool in natural convection over the container wall. Solid curve is analytical and data points are experimental ones from Kikuchi et al. (30) Notation is the same as that in Fig. 4 γ
The same equation as Eq. (22) can be obtained for the limit of ignitability. Figure 8 shows the Arrhenius plot of the comprehensive parameter (Y O∞ )(2r s ) for the limit of ignitability. The same trend as those in Figs. 4, 6, and 7 is observed. Data points are experimental ones, obtained by Kikuchi et al. (30) with a sodium pool (2r s = 60 mm in diameter and V/S = 10 mm in depth) and container height L = 70 mm. As far as the approximate magnitude is concerned, a fair degree of agreement is shown between experimental and analytical results, suggesting that the essential features of the phenomenon have been captured.
Discussion
By conducting experimental comparisons, as far as the ignition delay and ignitability are concerned, the importance of properly evaluating the heat that can be transferred from the sodium pool, with the flow configuration taken into account, has been recognized. The comprehensive parameter (t ig Y O∞ )/(V/S ) for ignition delay, identified in the present study, depends on T 0 , suggesting that the reduction of T 0 is the most effective in prolonging ignition delay in the case of leakage, as is the case for the usual ignition. If T 0 cannot be controlled, reduction of Y O∞ is effective, as is commonly understood. In addition, we see that an increase in the pool depth V/S is effective, although attention has not been paid to this parameter, to the present author's knowledge. Since the temperature rise during the induction period can be caused by the heat released by the surface reaction, increasing the pool depth V/S suppresses the temperature rise by reducing the surface area S , and hence prolongs ignition delay. In this context, this way of suppressing ignition, that is, minimizing the pool surface in contact with the oxidizing environment, can be regarded as a new way of preventing temperature rise during the induction period.
The effects of the pool depth V/S on the ignition delay time t ig , as shown in Fig. 9 , have been examined, with the stagnation flow configuration taken as an example. The velocity gradient and the initial temperature were taken as parameters, with other parameters set as shown in Figs. 2 to 4. The ignition delay time t ig increases linearly with increasing V/S , due to the increase in the heat capacity of the pool. The present analysis is anticipated to be applicable to sodium pools with about 100 mm depth, at maximum, within which no serious temperature distributions are expected in the depth direction. It is also seen in Fig. 9 that stronger airflow with a higher velocity gradient is preferable for enhancing heat transfer and hence for prolonging ignition delay.
The effects of the velocity gradient a on the ignition delay time t ig are shown in Fig. 10 , with T 0 taken as a parameter. The pool depth V/S is set to be 50 mm. With increasing a, the ignition delay time t ig increases first gradually, then steeply, and reaches the limit of ignitability, which depends on T 0 . It is also seen that the higher the initial temperature T 0 , the greater the velocity gradient a required to prolong the ignition delay, because of the activation of the surface reaction.
Finally, it is worth noting that the sodium pool is not ignited when the comprehensive parameter (Y O∞ )(2r s ) for Fig. 10 Ignition delay time t ig the sodium pool in stagnation airflow at room temperature, as a function of velocity gradient a, with initial temperature T 0 taken as a parameter. The volume-to-surface-area ratio V/S is set to be 50 mm the limit of ignitability is less than the critical value, as shown in Figs. 4, and 6 -8. This result also suggests that besides the reductions of T 0 and/or Y O∞ , a decrease in the pool diameter 2r s is also effective in preventing ignition, which is in line with the result of prolonging ignition delay by increasing V/S when T 0 and/or Y O∞ cannot be reduced artificially.
Concluding Remarks
Regarding sodium pool burning, theoretical work has been conducted to identify the dominant parameters that influence ignition. In the formulation, temporal variation of the pool temperature has been expressed in terms of heat release during surface reaction and heat loss. In evaluating the heat loss rate, the Nusselt number has been used, which strongly depends on flow configuration. It was found that both ignition delay and ignitability are closely related to the pool size (depth and diameter) and oxygen concentration Y O∞ , as well as the initial temperature of the pool. It was also found that there exist two comprehensive parameters, (t ig Y O∞ )/(V/S ) and (Y O∞ )(2r s ), useful for correlating the dominant parameters for ignition delay and ignitability, respectively. The usefulness of these parameters was further examined by comparing analytical results with experimental data in the literature in which the flow configurations used in experiments were reported in detail. Through experimental comparisons, a fair degree of agreement has been demonstrated. Furthermore, it has been suggested that increasing the volume-to-surface-area ratio V/S of the sodium pool is effective for prolonging ignition delay, and that decreasing pool diameter 2r s is effective for suppressing ignition, both of which can reduce the contribution of the surface reaction that supplies heat during the induction period. Because of the simple forms of these comprehensive parameters, it is strongly expected that they will play important roles in the evaluation of ignition delay and/or ignitability of a sodium pool in an oxidizing atmosphere.
